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VXUIDFH,QIDFWORFDOPHOWLQJFDQWDNHSODFHEHIRUHIDLOXUHLIWKHUHLVDKLJKO\FRQFHQWUDWHGKHDWIOX[>@$OWKRXJK
IDLOXUHWLPHDQGVLWHZHUHIRXQGLQJRRGDJUHHPHQWZLWKWHVWUHVXOWVODUJHGLVFUHSDQFLHVZHUHREVHUYHGRQWKHPRGH
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ZDVQHJOLJLEOHEHIRUHWHUWLDU\FUHHSRFFXUUHQFH7KHH[LVWLQJOLWHUDWXUHV>@UHYHDOHGWKDWWKHPXOWLD[LDOVWDWHRI
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XQGHUWKH,95FRQGLWLRQ$VDPDWWHURIIDFWWKH,95FRQGLWLRQLVDQDFFLGHQWVLWXDWLRQWKHVRFDOOHG
FRUHPHOWGRZQ
VFHQDULR
ILQDOO\UHVXOWVLQWKHIDLOXUHRIWKH539$OWKRXJKWKHUHDUHVRPHSXEOLVKHGOLWHUDWXUHVZLWKUHVSHFWWRWKLV
WRSLFWKHLPSRUWDQFHRI,95LVQRWIXOO\UHFRJQL]HGXQWLO)XNXVKLPDQXFOHDUGLVDVWHUKDSSHQV$VSRLQWHGRXWDERYH
WKH ,95 WHFKQRORJ\ ZDV QRW VXLWDEO\ DVVHVVHG EHIRUH WKH )XNXVKLPD DFFLGHQW WKH IDLOXUH HVWLPDWLRQ PD\ EH
XQUHDVRQDEOHE\SUHYLRXVPHWKRGRORJ\ZLWKWKHSUDFWLFDOWKHUPDOPHFKDQLFDOORDGLQJ,QRYHUFRPLQJWKLVGLIILFXOW\
D ' )(PRGHO RI WKH 539ZDV GHYHORSHG RQ $%$486 SODWIRUPZLWK QHZO\LPSOHPHQWHG FUHHS DQG GDPDJH
VXESURJUDP IRU WKH 539 PDWHULDO ,Q RUGHU WR DFKLHYH WKH SUHGLFWLRQ DFFXUDF\ D QRQOLQHDU LQWHUSRODWLRQ
PHWKRGRORJ\ZDVHPSOR\HGLQWKH)(FDOFXODWLRQIRUYDULRXVWHPSHUDWXUHDQGVWUHVVOHYHOV%\WDNLQJDSUDFWLFDOWHVW
ORDGLQJ DV D EDVLV WKH FUHHS SODVWLFLW\ DQG PHOWWKURXJK RI WKH 539 ZHUH DQDO\]HG LQ GHWDLO WKH WUDQVLHQW
WHPSHUDWXUH DQG VWUDLQ ILHOGV ZHUH REWDLQHG EHIRUH WKH VWUXFWXUDO VWUHQJWK DQDO\VLV )LQDOO\ WKH HIIHFW RI WKH
PXOWLD[LDO VWUHVV RQ 539 GDPDJH ZDV LQYHVWLJDWHG LQ GHSWK WKH GDPDJH FDXVHG E\ FUHHS DQG SODVWLFLW\ ZHUH
GLVFXVVHGVSDWLDOO\DQGWHPSRUDOO\IRUWKH539
0DWKHPDWLFDOPRGHOLQJ
2.1. Creep and damage modeling 
'XH WR WKH FRPSOH[ KHDW H[FKDQJH EHWZHHQ WKHPHOWLQJ SRRO DQG WKH YHVVHOZDOO WKH WHPSHUDWXUH DQG VWUHVV
FKDQJHVYHU\VLJQLILFDQWO\LQERWKVSDWLDODQGWUDQVLHQWZD\V>@)XUWKHUPRUHWKHKLJKWHPSHUDWXUHJUDGLHQWLQGXFHV
JUHDWGHIRUPDWLRQ&UHHSPHFKDQLVPSOD\VDGHFLVLYHUROHLQWKHIDLOXUHSURFHVVRIWKH539XQGHUWKH,95FRQGLWLRQ
,Q GHVFULELQJ LW DQ DGYDQFHG DSSURDFK IRU WKH QXPHULFDO FUHHS PRGHOLQJ KDV EHHQ HVWDEOLVKHG WKH FRQVWLWXWLYH
HTXDWLRQRIZKLFKFDQEHIRUPXODWHGZLWKDQXPEHURIFRHIILFLHQWV
»¼
º
«¬
ª 
T
dd dd  H[SHVH   
,Q )( FDOFXODWLRQ WKH QRQOLQHDULW\ FKDUDFWHULVWLF FDQ
W EH LJQRUHG HJ JHRPHWULFDO VRIWHQLQJ PDWHULDO
QRQOLQHDULW\&RQVHTXHQWO\WKHODUJHVWUDLQRSWLRQZDVDFWLYDWHGGXULQJWKHFDOFXODWLRQ,QIDFWWKHWHUWLDU\FUHHSLV
WKHPRVWVHYHUHQRQOLQHDUVWDJH,QVDWLVI\LQJWKHUHTXLUHPHQW(TKDVWRILWIRUG!DQGG!VLPXOWDQHRXVO\
)RUIDLOXUHWLPHDQGUDQJHSUHGLFWLRQLWLVQHFHVVDU\WRGHYHORSDGDPDJHFULWHULRQ8VXDOO\WKHGDPDJHZLWKLQWKH
539 LV FDXVHG E\ WKH VLJQLILFDQW FUHHS DQG SODVWLF VWUDLQ VR FDOOHG 
GXFWLOLW\ FULWHULRQ
 LVZLGHO\ XVHG LQ MXGJLQJ
ZKHWKHUWKH539LVIDLOXUHRUQRWXQGHUWKH,95FRQGLWLRQ$FFRUGLQJO\WKHGDPDJHLQFUHPHQWǻ'FDQEHPRGHOHG
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ZKHUHvLVWKH3RLVVRQ¶VUDWLRıHLVWKHK\GURVWDWLFVWUHVVDQGıMLVWKHYRQ0LVHVHTXLYDOHQWVWUHVV:LWKWKHOLQHDU
DFFXPXODWLRQ PHWKRG WKH GDPDJH SDUDPHWHUD LV WKH VXP RI WKH GDPDJH LQFUHDPHQW ǻD DV SUHVHQWHG LQ WKH
IROORZLQJ(T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,WVKRXOGEHSRLQWHGRXWWKDWWKHGDPDJHLQFUHPHQWLVFRPSXWHGE\DYHUDJLQJLWVQRGHOHTXLYDOHQWVWUDLQVIRUHDFK
HOHPHQW ,I WKH GDPDJH SDUDPHWHU ' UHDFKHV WKH YDOXH RI '  WKH HOHPHQW RI WKH PDWHULDO LV VHWWHG LQDFWLYH
SURSHUWLHVE\XVLQJHOHPHQWGHDWKWHFKQLTXH7KHGHDWKHOHPHQWGRHVQRORQJHUFRQWULEXWHWRWKHVWLIIQHVV
2.2. Non-linear interpolation 
7KHFRHIILFLHQWVDUHXVHGWRDGDSWWKHFUHHSFRQVWLWXWLYHHTXDWLRQDWFRQVWDQWORDGDQGWHPSHUDWXUH+RZHYHUWR
DFKLHYHDJRRGILWWLQJZLWKYHU\OLPLWHGVHWRIFRHIILFLHQWVLVYHU\GLIILFXOW,IFRPSXWLQJVWHSWLPHLVQRWVXIILFLHQWO\
VPDOO WKH OLQHDU LQWHUSRODWLRQ PD\ RYHUHVWLPDWH WKH FUHHS VWUDLQ LQFUHPHQW ,Q JHQHUDO WKH FUHHS FRQVWLWXWLYH
HTXDWLRQODUJHO\GHSHQGVRQWKHVWUHVVVWUDLQDQGWHPSHUDWXUH,QRYHUFRPLQJWKHRYHUSURSRUWLRQDOGHSHQGHQFHRQ
WKHVH YDULDEOHV WKH QRQOLQHDU FDOFXODWLRQ VFKHPH LV GHVLUDEOH DQG XVHIXO IRU ZHLJKWLQJ FRHIILFLHQWV ILWWLQJ DQG
GDPDJH LQFUHPHQW$VVXPLQJ WKDW WKHFUHHSVWUDLQ UDWHGHSHQGVH[SRQHQWLDOO\RQ WKH VWUHVV WKHDSSURSULDWH VWUDLQ
UDWHEHWZHHQWZRSRLQWVFDQEHQRQOLQHDUO\LQWHUSRODWHGDVIROORZV





 H
VV
VVH
VV
VVH  rr
rr
rr
rr



   
:KHUHLQWKHH[SRQHQWUFDQEHREWDLQHGZLWKWZRSRLQWV
   
   

OQOQ
OQOQ
VV
HH

 

r   
1152   J.F. Mao et al. /  Procedia Engineering  130 ( 2015 )  1148 – 1161 
/LNHZLVHDVVXPLQJWKDWWKHFUHHSVWUDLQUDWHGHSHQGHQF\RQWKHWHPSHUDWXUHFDQEHGHVFULEHGE\ Tqe a H WKH
FRUUHVSRQGLQJLQWHUSRODWLRQEHWZHHQWZRSRLQWVLV








HHH  TqTq
TqTq
TqTq
TqTq
ee
ee
ee
ee







   
ZKHUHWKHSDUDPHWHUTFDQEHIRUPXODWHGE\
   



OQOQ
TT
q

 HH

  
1RWHWKDWWKHSDUDPHWHUqYDULHVZLWKWKHVWUDLQUDWHDQGWHPSHUDWXUHDVOLNHWKHSDUDPHWHUrLVVWUDLQUDWHDQGVWUHVV
GHSHQGHQW
2.3. Description of FE modeling 

)LJ)(PRGHORIWKH539ZLWKDSSOLHGERXQGDU\FRQGLWLRQV
7KH PRGHO DSSOLHG WR )( FDOFXODWLRQ UHSUHVHQWV WKH ORZHU KHDG 539 LQ WKH JHRPHWULFDO VFDOH RI  7KH
JHRPHWU\ RI 539 LV VKRZQ LQ )LJ  ,W FRQVLVWV RI D KHPLVSKHULFDO KHDG DQG YHUWLFDO F\OLQGULFDO VHFWLRQ 7KH
F\OLQGULFDO VHFWLRQ LV P KLJK ZLWK D ZDOO WKLFNQHVV RI P 7KH LQQHU UDGLXV RI KHPLVSKHULFDO VHFWLRQ LV
P DQG WKHZDOO WKLFNQHVV P )RUPHFKDQLFDO FDOFXODWLRQ WKH ' D[LV\PPHWULFPRGHOZLWK DSSURSULDWH
ERXQGDU\FRQGLWLRQVDQGPDWHULDOSURSHUWLHVLVHVWDEOLVKHG7KHQXPEHURIHOHPHQWVRYHUWKHZDOOWKLFNQHVVZDVVHW
WR  WKH W\SH RI ZKLFK LV &$;7 XVHG IRU PHVKLQJ $FWXDOO\ D VXIILFLHQW QXPEHU RI HOHPHQWV RYHU WKH ZDOO
WKLFNQHVV LVQHFHVVDU\WRPRGHO WKHERG\ORDGRIKHDWIOX[ZKLFKLVFKDQJLQJDORQJDQGSHUSHQGLFXODU WR WKHZDOO
VXUIDFH 7KH ' VWUXFWXUDO QRGH LVRSDUDPHWULF HOHPHQWV XVHG DUH VXLWHG IRU FUHHS DQG SODVWLFLW\ E\ WDNLQJ WKH
JHRPHWULFQRQOLQHDULW\LQWRDFFRXQWHJ ODUJHUVWUDLQDQGGHIOHFWLRQ$VVKRZQLQ)LJ WKHLQWHUQDOSUHVVXUHVRI
P 03D03DZHUHDSSOLHGRQWKHLQWHUQDOVXUIDFHRIWKH539WKHYHUWLFDOGLVSODFHPHQWZDVVHWWR]HURUz 
IRUDOOQRGHVDWWKHWRSHQGDVZHOODVUDGLDOGLVSODFHPHQWUx DWWKHV\PPHWU\D[LV%HVLGHVWKHIROORZLQJORDGV
ZHUHDOVRFRQVLGHUHGķJUDYLW\GHDGZHLJKWRIYHVVHOĸKHDWIOX[GHQVLW\RQWKHVXUIDFHRIYHVVHOZDOOZKLFKLV
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IURPFRUUHVSRQGLQJWKHUPDOVROXWLRQ7KHFRPSDULVRQEHWZHHQHPSLULFDOFRUUHFWLRQDQGWHVWGDWDLQ)LJVKRZVWKH
JUHDWDJUHHPHQWLVDFKLHYHGIRUKHDWIOX[DORQJWKHODWLWXGHș)LJVKRZVWKHKHDWIOX[LVXQHYHQO\GLVWULEXWHGDQG
LW LQFUHDVHVZLWK WKHș1RWH WKDW WKHUH LV D ODUJH FRQFHQWUDWHG KHDW IOX[ EHWZHHQș  DQGș  VR WKH ORFDO
PHOWLQJPD\SRVVLEO\RFFXUEHIRUHIDLOXUH$VZHOONQRZQWKHUDGLDWLRQKHDWWUDQVIHUDQGFRQYHFWLRQDWIUHHVXUIDFHV
DUHWKHPHFKDQLVPVIRUUHOHDVHRIWKHFRUHPHOWGRZQKHDW'XHWRWKHKLJKWHPSHUDWXUHVLQWKH539WKHKHDWWUDQVIHU
SURFHVVHV DUH JRYHUQHG E\ UDGLDWLRQ WUDQVIHU ZKHQ VXUIDFH WHPSHUDWXUH LV DERYH ć $V IRU 539 PDWHULDO
LVRWURSLFPDWHULDOEHKDYLRXULVDVVXPHGWKHWHPSHUDWXUHGHSHQGHQFHRIDOOPDWHULDOSURSHUWLHVLVFRQVLGHUHGLQWKH
UDQJHRIćWRć$FFRUGLQJWRWKHGDWDEDVHRI6$%539VWHHOIURPRXUFRRSHUDWRUWKHPHFKDQLFDO
SURSHUWLHVKDYHEHHQJHQHUDWHGIURPWKHILWWHGVWUDLQFXUYHVLQFOXGLQJWKHFUHHSGDWD


)LJ&RPSDULVRQRIFULWLFDOKHDWIOX[EHWZHHQWHVWDQGHPSLULFDOIRUPXODDORQJWKHORZHUKHDG
5HVXOWVDQG'LVFXVVLRQV
3.1.  verification calculation 
$VPHQWLRQHGEHIRUHWKHLQWHUQDOVXUIDFHRI539LVH[SRVHGWRWKHPHOWLQJSRROZLWKYHU\KLJKWHPSHUDWXUHVR
VRPHUHJLRQVVXIIHUPHOWGRZQDQG WKH WKLFNQHVVFKDQJHVZLWK WKH WLPHDQGVSDFH7KXV WKHUHPQDQW WKLFNQHVV LV
SUHVHQWHGDWWKHIDLOXUHWLPHLQ)LJUHSUHVHQWLQJWKHZDOOWKLFNQHVVRIWKHORZHUKHDGDORQJWKHșD]LPXWKDW
LQWHUYDOV RI ODWLWXGH $V VKRZQ LQ )LJ  WKH WKLFNQHVV SURILOH LV QRW FRQVWDQW IRU ERWK SUH DQG SRVWWHVW 539
$OWKRXJK WKH WKLFNQHVV FKDQJHV LQ WKH VDPH WUHQG WKH UHGXFWLRQ RI WKLFNQHVV DW KRW IRFXV VLWH LV JUHDWO\
XQGHUHVWLPDWHGE\WKH)(0,QRWKHUZRUGVWKHUHPQDQWWKLFNQHVVRILVSUHGLFWHGPRUHFRQVHUYDWLYHO\E\)(07KH
VLJQLILFDQWUHGXFWLRQRIWKLFNQHVVFDQEHH[SODLQHGE\WKHFRQFHQWUDWHGKHDWIOX[LQFRUUHVSRQGLQJUHJLRQIDOOLQJLQ
WKHUDQJHRIș WRș 6RWRVSHDNWKHPRGHDQGORFDWLRQRIIDLOXUHLVUHDVRQDEO\SUHGLFWHGWKHWKLFNQHVVLQ
FORVHSUR[LPLW\WRWKHWUDQVLWLRQSRVLWLRQLVSUHGLFWHGWREHPPZKLFKFRPSDUHVZLWKPPPHDVXUHGLQWKHWHVW
0RUHRYHUDFRPSDULVRQRIKRUL]RQWDOGLVSODFHPHQWRUHORQJDWLRQRI WKH539ORZHUKHDGLVSUHVHQWHGLQ)LJ
EHWZHHQ)(0DQGWHVWGDWD,WFDQEHVHHQLQ)LJWKDWWKHVLPXODWLRQE\)(0LVLQTXLWHJRRGDJUHHPHQWZLWKWKH
WHVWUHVXOWVIRUHORQJDWLRQ7KHFXUYHRIGLVSODFHPHQWFDQEHFKDUDFWHUL]HGE\DDSSUR[LPDWHO\FRQVWDQWVORSHDWWKH
LQLWLDOVWDJHPDLQO\GXHWRWKHVWHDG\FUHHSEHKDYLRUZKLOHWKHGLVSODFHPHQWLVLQFUHDVLQJYHU\VLJQLILFDQWO\ODWHU
ZKLFK LQGLFDWLQJ WKDW IDLOXUH WDNHV SODFH DW WKLV WLPH DV REVHUYHG LQ WKH WHVW +RZHYHU WKH GLVSODFHPHQW E\
VLPXODWLRQLQFUHDVHVPXFKIDVWHUWKDQWKDWE\WHVWDIWHUPLQPDLQO\GXHWRWKHGLIIHUHQFHLQWKHWHUWLDU\FUHHS
UHJLRQ
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
)LJ5HPDQHQWWKLFNQHVVSURILOHVDWWKHIDLOXUHWLPHIRU539KHPLVSKHUH

)LJ&RPSDULVRQRIGLVSODFHPHQWWLPHFXUYHVRIWKHORZHUKHDGEHWZHHQVLPXODWLRQDQGWHVW
,QRUGHUWRYDOLGDWHWKHWHPSHUDWXUHILHOGWKHWHPSHUDWXUHSURILOHRIH[WHUQDOZDOOREWDLQHGIURPWKHH[SHULPHQWLV
FRPSDUHGZLWKWKDWSUHGLFWHGE\$%$486,WVKRXOGEHHPSKDVL]HGWKDWWKHLQWHUQDOZDOOWHPSHUDWXUHZDVQRWDEOH
WREHPHDVXUHGGXHWRWKHIDLOXUHRIWKHUPRFRXSOHVLQPHOWLQJSRROVRWKHH[WHUQDOZDOOWHPSHUDWXUHLVDSSOLHGIRU
WKH FRPSDULVRQ LQ)LJ &OHDUO\ LW FDQEH VHHQ IURP)LJ  WKDW WKH VKDSHRI WKH WHPSHUDWXUH SURILOHPHDVXUHG
DJUHHVYHU\ZHOOZLWKWKDWE\)(0ZLWKLQWKHKHPLVSKHULFDOVHFWLRQ6WLOOWKHKLJKHUWHPSHUDWXUHLVREVHUYHGIRUWHVW
GDWDFRPSDUHGWRWKH)(0LQWKHWUDQVLWLRQSRVLWLRQGXHWRWKHKLJKHUKHDWIOX[FRUUHVSRQGLQJO\:LWKWKHWKLFNQHVV
UHGXFWLRQDQGKHPLVSKHULFDOVHFWLRQHQODUJHPHQWWKHOHYHORIPHOWLQJSRROLVGHFOLQLQJDQGWKHDFWXDOWHPSHUDWXUH
RIF\OLQGULFDOVHFWLRQLVVXEVHTXHQWO\ORZHUWKDQWKHSUHGLFWHGYDOXHZKLFKLVVKRZQLQ)LJ'XHWRWKHLQWHUQDO
PHOWFRQYHFWLRQWKHKRWWHVWUHJLRQRIWKHYHVVHOZDOOLVORFDWHGLQWKHXSSHUSDUWRIWKHKHPLVSKHUHMXVWEHORZWKH
VXUIDFHOD\HURIWKHPHOW,QRUGHUWRIXUWKHULOOXVWUDWHWKHWHPSHUDWXUHGLVWULEXWLRQ)LJSUHVHQWVWKHWUDQVLHQWILHOGV
LQWKHYHVVHOZDOODWW VVVUHVSHFWLYHO\)LJVKRZVWKDWWKHKLJKWHPSHUDWXUHVLQWKHKRWIRFXV
VLWHDUHFOHDUO\YLVLEOHDQGWKHUHIRUHLWLVIXUWKHUSURYHGWKDWWKHPD[LPXPGLVSODFHPHQWRFFXUVWKHUHDVZHOODVWKH
WKLQQHVWUHPDLQHGWKLFNQHVVGRHV7KHPD[LPXPWHPSHUDWXUHUHDFKHVćWKURXJKWKHZDOOWKLFNQHVVZKHQWKH
WLPHLVDWWKHV&ORVHREVHUYDWLRQRI)LJGLVFORVHVWKDWQRPDWWHUZKDWVWDJHWKH539H[SHULHQFHWKHKLJK
WHPSHUDWXUHJUDGLHQWDOZD\VH[LVWVDQGWKHWHPSHUDWXUHLQVLGHLVPXFKKLJKHUWKDQWKDWRXWVLGHGXULQJWKHSURFHVV
7KHUH LV VWLOO DPD[LPXPGLIIHUHQFH RI ć EHWZHHQ WKH LQVLGH DQG RXWVLGHZKHQ WKH539 LV DSSURDFKLQJ WKH
IDLOXUH
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
)LJ&RPSDULVRQRIWKHWHPSHUDWXUHSURILOHVRQH[WHUQDOZDOOEHWZHHQ)(0DQGWHVW
3.2. Transient fields analysis 

)LJ&RPSDULVRQRIWKHWHPSHUDWXUHSURILOHVRQH[WHUQDOZDOOEHWZHHQ)(0DQGWHVW
$VLQGLFDWHGLQ)LJWKHLQIOXHQFHRIWKHUPDOFRQGLWLRQVRQWKHPHFKDQLFDOEHKDYLRXUDUHLQHYLWDEOHQRPDWWHU
ZKDW PDWHULDO WKH 539 LV PDGH RI WKH HODVWLF SODVWLF DQG YLVFRSODVWLF PDWHULDO SURSHUWLHV DUH DOO WHPSHUDWXUH
GHSHQGHQW)RULQVWDQFHWKHWHPSHUDWXUHJUDGLHQWOHDGVWRKLQGHUHGWKHUPDOH[SDQVLRQDQGWKHUHE\LQGXFHVWKHUPDO
VWUHVVHV LQ WKH 539 ZDOO $V IRU PHPEUDQH VWUHVV SOXV VHFRQGDU\ VWUHVV WKH 0LVHV VWUHVV LV DGRSWHG LQ WKH
FRPSDULVRQZLWKWKH\LHOGVWUHVVRIWKHPDWHULDOZKLFKLVVKRZQLQ)LJ)LJDQG)LJ$VZHOONQRZQWKH
SODVWLFLW\ LV DSURPSWSURFHVVRFFXUULQJRQO\DERYHD VWUHVV WKUHVKROG HJ\LHOG VWUHQJWK)XUWKHUPRUH LW FDQEH
VHHQ IURP )LJ  WR )LJ  WKDW ERWK 0LVHV DQG \LHOG VWUHVV GHFUHDVHV ZLWK LQFUHDVLQJ WHPSHUDWXUHV $OWKRXJK
VHFRQGDU\VWUHVVFDXVHGE\WKHWHPSHUDWXUHJUDGLHQWVFDQEHUHOLHYHGE\FUHHSGHIRUPDWLRQWKHSURPSWKLJKWKHUPDO
VWUHVVLVDWKUHDWWRWKH539VDIHW\GXHWRLWVLQGXFHPHQWRQWKHWKHUPDOFUDFNLQJDQGSODVWLFGHIRUPDWLRQ,QRUGHUWR
ORRNLQWRWKHVWUXFWXUDOVWUHQJWKIRUWKH539WKUHHW\SLFDOSDWKVVHH)LJZHUHVHOHFWHGLQWKHDQDO\VLVķ3DWK
LV ORFDWHG LQ WKH WUDQVLWLRQ OLQHRIKHPLVSKHULFDO VHFWLRQ WR F\OLQGULFDO VHFWLRQĸ3DWK LV DWPD[LPXPVWUHVVĹ
3DWK LV WKURXJK WKH WKLQQHVWZDOO WKLFNQHVV)LJ)LJDQG)LJDUHFRUUHVSRQGLQJ WR WKH3DWK3DWKDQG
3DWKUHVSHFWLYHO\*HQHUDOREVHUYDWLRQRI)LJ WR)LJUHYHDOV WKDW WKH0LVHVVWUHVV LVPXFK ODUJHU WKDQ WKH
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\LHOGVWUHVVDW WKHRXWHUZDOORI WKH539ZKLFK LQGLFDWHV WKDW WKHSODVWLFGHIRUPDWLRQ ILUVWRFFXUVDW WKHH[WHUQDO
,QWHUHVWLQJO\ LW LV IRXQG WKDW WKH 0LVHV VWUHVV ZLWK 3LQWHUQDO 03D LV ODUJHU WKDQ WKDW ZLWK 3LQWHUQDO 03D DW WKH
WUDQVLWLRQOLQHRIWKH539IRUPRVWZDOOWKLFNQHVVWKHEHKDYLRURIZKLFKLVRSSRVLWHWRWKRVHDW3DWKDQG3DWK
:LWKLQWHUQDOSUHVVXUHLQFUHDVLQJXSWR03DWKHUHJLRQVXIIHUHGSODVWLFGHIRUPDWLRQHQODUJHVYHU\VLJQLILFDQWO\GXH
WR LWV ODUJHU0LVHV VWUHVV HVSHFLDOO\ IRU 3DWK DQG 3DWK $V SUHGLFWHG LQ )LJ  WKHPRVW GDQJHURXV VLWXDWLRQ
RFFXUV DW WKH WKLQQHVW ZDOO WKLFNQHVV XQGHU 3LQWHUQDO 03D DPRQJ WKH WKUHH VHOHFWHG SDWKV )RU WKLV ORFDWLRQ WKH
SODVWLFIDLOXUHPHFKDQLVPGRPLQDWHVWKHZKROHSURFHVVDQGWKHLQVWDELOLW\PD\HYHQIXUWKHUWDNHSODFHGXULQJWKH
QHFNLQJ

)LJ0LVHVVWUHVVGLVWULEXWLRQDORQJWKHSDWKRIF\OLQGHUWRVSKHUHWUDQVLWLRQOLQHDWW V
)LJ0LVHVVWUHVVGLVWULEXWLRQDORQJWKHSDWKRIPD[VWUHVVDWW V
)LJ0LVHVVWUHVVGLVWULEXWLRQDORQJWKHSDWKRIWKLQQHVWZDOODWW V
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'XH WR WKH LQWHUQDO SUHVVXUH DQGPHOWLQJ SRRO WHPSHUDWXUH LQVLGH WKH JUHDW WHPSHUDWXUH JUDGLHQW FDXVHV KXJH
WKHUPDOVWUHVV WKURXJKWKHZDOO WKLFNQHVVDQGWKHFRPSUHVVLYHVWUHVVHVGLVWULEXWHDPRQJWKHLQVLGHZDOOZKLOH WKH
WHQVLOHVWUHVVHVWDNHSODFHLQWKHVXUIDFHOD\HURIWKHRXWHUZDOO$FFRUGLQJO\LWFDQEHMXGJHGIURP)LJDWKDW
WKHH[WHUQDORIWKH539LVPRUHYXOQHUDEOHWRGDPDJHH[FHSWIRUWKHPDWHULDOPHOWLQJLQVLGH$VVKRZQLQ)LJD
WKH PD[LPXP YDOXH RI WKHUPDO VWUHVV UHDFKHV 03D DW WKH RXWVLGH RI 3DWK 7R GHPRQVWUDWH WKH 539
GHIRUPDWLRQDWWKHORFDWLRQRIWKHPD[LPXPVWUHVV)LJEDQGFVKRZFRQWRXUSORWVRIWKHGLVSODFHPHQWDQG
SODVWLFVWUDLQILHOGVDW WKHIDLOXUH WLPH7KHHIIHFWRI WKHPRYLQJYHVVHODQGPHOWLQJORFDWLRQEHFRPHVDGGLWLRQDOO\
REYLRXVE\ WKH VFDOHGSORWVZKHUH WKHYHVVHO LVPRYHG ULJKW WRDRSSRVLWH&VKDSHGSURILOH&RUUHVSRQGLQJO\ WKH
PD[LPXPGLVSODFHPHQWRFFXUV DW WKH3DWKZLWKPD[LPXPVWUHVV WKHYDOXHRIZKLFK LV UHDFKHGDWU PP
7KLV HQODUJHPHQW SKHQRPHQRQ FDQEH FOHDUO\ VHHQ LQ )LJ  E DORQJ WKH KRUL]RQWDO GLUHFWLRQ 6LQFH WKH3DWK
XQGHUWDNHVJUHDWGHIRUPDWLRQWKHSODVWLFVWUDLQLVXQDYRLGDEOH%\LQYHVWLJDWLQJWKHSODVWLFVWDLQLQ)LJFRQH
FDQILQGWKDWWKHELJJHVWFRQFHQWUDWHVRQWKHLQWHUQDOZDOORIVHOHFWHG3DWKXQGHUPinternal 03D&ORVHREVHUYDWLRQ
RI)LJFGLVFORVHVWKDWDOWKRXJKWKH539VXIIHUVKXJHGHIRUPDWLRQDVDZKROHWKHSHUFHQWDJHRISODVWLFUHJLRQ
LVVWLOODWDORZOHYHOLQWKHVWUXFWXUH,WFDQEHH[SODLQHGWKDWWKHWKHUPDOH[SDQVLRQHODVWLFVWUDLQDQGFUHHSKROGWKH
UHVWSHUFHQWDJHDQGLWIXUWKHULQGLFDWHVWKDWWKHFUHHSVKRXOGEHWDNHQLQWRDFFRXQWLQWKHIDLOXUHDQDO\VLVRIWKH539


)LJ7KHGLVWULEXWLRQRIDHTXLYDOHQWVWUHVVEGLVSODFHPHQWFSODVWLFVWUDLQXQGHU3 03DDWIDLOXUHWLPH
'XHWRWKHWKHUPDOH[SDQVLRQDWWKHEHJLQQLQJDQGDFFXPXODWLQJSODVWLFDQGYLVFRSODVWLFVWUDLQODWHURQWKHVKDSH
RIWKH539WKHYHVVHOZDOODUHFKDQJLQJDOOWKHWLPHDVVKRZQLQ)LJ'HVFULELQJWKHORQJWHUPGHIRUPDWLRQWKH
PRVWGLIIHUHQWSDUWLVWKHFUHHSVWUDLQ$FWXDOO\WKHHTXLYDOHQWVWUHVVFDQEHUHOD[HGWKURXJKWKHZKROHFUHHSSURFHVV
DQGUHGLVWULEXWHGRQWKHVWUXFWXUH$FFRUGLQJO\WKHHTXLYDOHQWVWUHVVLQWKH)LJDZLWKFRQVLGHUDWLRQRIFUHHSLV
PXFK ORZHU WKDQ WKDW LQ )LJ D&RQWUDU\ WR WKH SODVWLFLW\ WKH FUHHS DOVR FDOOHG DV YLVFRSODVWLFLW\ LV D WLPH
GHSHQGHQW SURFHVV DQG LW FRPHV LQWRZRUN DW HOHYDWHG WHPSHUDWXUH HVSHFLDOO\ IRU WKH WHPSHUDWXUH DERYH ć
KRZHYHU RFFXUULQJ DW YHU\ ORZ VWUHVV7KH LQYHVVHO UHWHQWLRQ FRQGLWLRQ LV DFFLGHQW VLWXDWLRQZKLFK FDQ UHVXOW LQ
UHPDUNDEOHFUHHSGHIRUPDWLRQDVVKRZQLQ)LJE8QOLNHDFUHHSWHVWRQWKHWHQVLRQEDUE\NHHSLQJWKHDSSOLHG
VWUHVVFRQVWDQWWKHHTXLYDOHQWVWUHVVLVQRWFRQVWDQWGXULQJWKH539FUHHSEHFDXVHRIWKHVLJQLILFDQWUHGXFWLRQRIWKH
FURVV VHFWLRQ XQGHU WKH ,95 FRQGLWLRQ&RQVHTXHQWO\ EHFDXVH RI WKH QHFNLQJ ODWHU RQ ERWK WKH LQFUHDVLQJ FUHHS
VWUDLQDQGVWUDLQUDWHDUHREVHUYHGWKHUHVXOWVFDQEHSDUWLDOO\LOOXVWUDWHGLQ)LJ,IWKH)LJEZHUHFRPSDUHG
ZLWKWKH)LJFRQHFDQILQGWKDWWKHFUHHSVWUDLQLVVLJQLILFDQWO\ODUJHUWKDQWKHSODVWLFVWUDLQDQGWKHSODVWLF
VWUDLQRQO\DFFRXQWIRUDSSUR[LPDWHO\RIWKHFUHHSVWUDLQ'XHWRWKHPLFURVWUXFWXUDOFKDQJHVHJPLFURFUDFN
FUHHS FDYLWLHV WKH FUHHS UHVLVWDQFH RI 539PDWHULDO LV DFWXDOO\ GHFUHDVLQJZLWK WKH LQFUHDVH RI FUHHS WLPH 7KH
FRQWRXUSORWVRI0LVHVVWUHVVDQGVWUDLQLQ)LJVKRZVWKDWWKHYROXPHRIWKH539LVH[WUDRUGLQDULO\HQODUJHGDW
IDLOXUHWLPH1RGRXEWLWLVLQWKHWHUWLDU\FUHHSVWDJHFRUUHVSRQGLQJO\)XUWKHUPRUHLWLVVRGDQJHURXVRIWKH539
WKDWRQHFDQ
W LJQRUH WKHJHRPHWULFDO VRIWHQLQJE\ LQFUHDVHRI WKHSULPDU\VWUHVVGXH WR WKHFRXSOLQJRIFUHHSDQG
SODVWLF RQJRLQJ GHIRUPDWLRQ VLPXOWDQHRXVO\ 7KHUHIRUH WKH DVVXPSWLRQ WKDW WKH FUHHS VWUDLQ LV GRPLQDQW LV QRW
DSSURSULDWHZKHQWKHZDOOWKLFNQHVVUHGXFWLRQLQGXFHVUHPDUNDEOHHQODUJHPHQW$FFRUGLQJO\WKHIDLOXUHHVWLPDWLRQ
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MXGJHGRQO\E\FUHHSVWUDLQLVQRQFRQVHUYDWLYH%HVLGHV LW LVFOHDU LQ)LJ WKDW WKHHQODUJHPHQWRI WKH539LV
LQFUHDVLQJZLWK WKH LQFUHDVH RI WKH LQWHUQDO SUHVVXUH ,W VKRXOG EH QRWHG IURP)LJ  WKDW WKHZDOO WKLQQLQJ DQG
VWUHWFKLQJ LQ WKH KRW IRFXV VLWH LV REYLRXVO\ YLVLEOH $GGLWLRQDOO\ WKH ZDOO LV KRUL]RQWDOO\ WKLQQHG E\  DQG
YHUWLFDOO\VWUHWFKHGE\URXJKO\


)LJD0LVHVVWUHVVE&UHHSVWUDLQILHOGRIWKH539DWWKHIDLOXUHWLPH
3.3. Failure and damage analysis 
6RIDUWKHPRVWLQWHUHVWLQJTXHVWLRQIRUSUHWHVWDQDO\VLVLVWKHYHVVHOIDLOXUHWLPHDQGORFDWLRQDOWKRXJKWKH\DUH
DIIHFWHGE\QXPHURXVIDFWRUV$VLQGLFDWHGDERYHWKHUHDUHWKUHHW\SLFDOIDLOXUHFULWHULRQVXVHGLQWKHDVVHVVPHQWRI
VWUXFWXUDOLQWHJULW\ķ6WUHVVFULWHULRQĸ6WUDLQFULWHULRQĹ'DPDJHFULWHULRQ+RZHYHUXVXDOFUHHSWHVWVDUHORDG
FRQWUROOHG&RQVHTXHQWO\ WKH WUXHVWUHVV LVQRWFRQVWDQWDQGQRWHDV\ WRPHDVXUHGXULQJ WKH WHVW$FFRUGLQJO\ WKH
VWUDLQ DQG GDPDJH FULWHULRQV DUHZLGHO\ XVHG LQ WKH IDLOXUH DVVHVVPHQW RI WKH539XQGHU WKH ,95 FRQGLWLRQ$V
DOUHDG\PHQWLRQHG DERYH WKH FUHHS VWUDLQ SUHGLFWHG E\ )(0 LV FRPSDUHGZLWK WKH FUHHS UXSWXUH VWUDLQ DVVXPHG
İfrac DWDOOVWUHVVHVDQGWHPSHUDWXUHVDVVXJJHVWHGE\XQLD[LDOFUHHSWHVW,IZHORRNDWWKHGDPDJHLQFUHPHQW
(TLQWKHVHFWLRQRIPDWKHPDWLFDOPRGHOOLQJWKHVWUDLQFULWHULRQFDQEHREWDLQHGE\VHWWLQJWKHWULD[LDOLW\IDFWRU
Rv 7KLVUHGXFWLRQRIGDPDJHSDUDPHWHULQGLFDWHVWKDWWKHVWUDLQFULWHULRQGRQ
WWDNHPXOWLD[LDOVWDWHRIVWUHVVLQWR
DFFRXQW ,Q UHDOLW\ WKH 539 IDLOXUH EHKDYHV LQ D PXOWLD[LDO PDQQHU HVSHFLDOO\ GXULQJ WKH QHFNLQJ SURFHVV ,Q
LOOXVWUDWLQJWKHPXOWLD[LDOVWDWHRIVWUHVVWKURXJKWKHFUHHSWLPH)LJGHPRQVWUDWHVWKHFKDQJHVRIWKHRvIRUERWK
ODUJHDQGVPDOOGHIRUPDWLRQQRGHV$VGLVSOD\HGLQ)LJWKHFRPSDULVRQVKRZVWKDWRvRIWKHODUJHGHIRUPDWLRQ
QRGH LQFUHDVHV FRQWLQXRXVO\ ZKLOH IRU WKH VPDOO GHIRUPDWLRQ QRGH WKH VDPH LQFUHDVHV ILUVW DQG WKHQ WHQGV WR
GHFUHDVH,QDGGLWLRQRvRIWKHODUJHRQHLVDOZD\VPXFKKLJKHUWKDQWKDWRIWKHVPDOORQH7KHGLVFUHSDQF\EHWZHHQ
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WKH WZR EHFRPHVPXFK KLJKHUZLWK LQFUHDVLQJ FUHHS WLPH 7KH GDPDJH FRQWULEXWLRQ E\ WKHRv LV QRW QHJOLJLEOH
EHFDXVH WKH VWUHVVHV GLVWULEXWHG DPRQJ WKH F\OLQGHU WR VSKHUH WUDQVLWLRQ DUH FRPSOH[ DQG WKHQ WKHZDOO WKLQQLQJ
VHYHUHO\UHVXOWVLQPXOWLD[LDOVWDWHRIVWUHVV)LJLQGLUHFWO\VKRZVWKHPXOWLD[LDOIDFWRURvDFFHOHUDWHVWKHGDPDJH
HYROXWLRQE\ FRQVLGHUDWLRQ RIPXOWLD[LDO LQGLFDWRUıHıeq7KH FXUYH RIıHıeq  LV FRUUHVSRQGLQJ WR WKHRv 
VXJJHVWLQJWKHXQLD[LDOVWDWHRIVWUHVVZKLOHLQFUHDVLQJıHıeqLQGXFHVWKHLQFUHDVHRIWKHFUHHSGDPDJH$FFRUGLQJ
WRWKHFRPSDULVRQEHWZHHQVWUDLQDQGGDPDJHFULWHULRQVLWFDQEHLQIHUUHGWKDWWKHVWUDLQFULWHULRQPD\XQGHUHVWLPDWH
WKH FUHHS IDLOXUH VLPSO\ GXH WR LWV QHJOHFW RQPXOWLD[LDO HIIHFW %HVLGHV H[DPLQDWLRQ RI )LJ  UHYHDOV WKDW WKH
GDPDJHJUDGXDOO\LQFUHDVHVDWLQLWLDOSKDVHDQGVKDUSO\LQFUHDVHVDWWKHODWHUSKDVHZLWKWKHFUHHSVWUDLQVRLWIXUWKHU
SURYHVWKDWWKHWHUWLDU\FUHHSLVYHU\GDQJHURXVIRUWKH539


)LJ7KHSORWRIPXOWLD[LDOIDFWRUKLVWRU\GXULQJFUHHSWLPHIRUWZRW\SLFDOSRLQWV

)LJ7KHHIIHFWRIPXOWLD[LDOLQGLFDWRURQFUHHSGDPDJHZLWKWKHVWUDLQDOWHUDWLRQ
$VPHQWLRQHGDERYH WKHPRVWYDOXDEOHSUHGLFWLRQ LV WKHIDLOXUH ORFDWLRQDQG WLPH ,QDFKLHYLQJ LW WKHFRQWRXU
SORWVRIWKHGDPDJHSDUDPHWHUDFDOFXODWHGE\(TLVVKRZQLQ)LJZLWKUHVSHFWLYHVWHSWLPH,WFDQEHVHHQ
IURP)LJWKDWWKHUHJLRQRIWKHPD[LPXPGDPDJHIRFXVHVWRDVPDOODUHDDWWKHYHVVHOH[WHUQDOVXUIDFH$FWXDOO\
WKHPD[LPXPGDPDJHLVORFDWHGDWWKHWKLQQHVWZDOOWKLFNQHVVZKLFKLVFRUUHVSRQGLQJWRWKH3DWKLQ)LJD,Q
WKHGDPDJHFDOFXODWLRQERWKSODVWLFDQGFUHHSVWUDLQFRQWULEXWHWRWKHGDPDJHGHYHORSPHQWVLPXOWDQHRXVO\DQGWKH
IDLOXUHWDNHSODFHZKHQWKHGDPDJHUHDFKHVDOPRVWXQLW\FRUUHVSRQGLQJWRDPD[LPXPORFDOWRWDOVWUDLQSODVWLFSOXV
FUHHSRIİfrac &RQVHTXHQWO\WKHIDLOXUHVWUDLQSUHGLFWHGE\GDPDJHFULWHULRQLVPXFKORZHUWKDQWKDWSUHGLFWHG
E\VWUDLQFULWHULRQZLWKRXWFRQVLGHUDWLRQRIWKHRv1RWHWKDWWKHPD[LPXPGDPDJHDUHDLVLQDFFRUGDQFHZLWKWKHKRW
IRFXV VLWH VR LW FDQ EH ORJLFDOO\ LQIHUUHG WKDW WKH GDPDJH LV PXFKPRUH VHQVLWLYH WR KLJK WHPSHUDWXUH WKDQ WKH
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LQWHUQDOSUHVVXUHLQWKLVVSHFLILFFDVH7KHPRVWHQGDQJHUHG]RQHH[KLELWVWKHKLJKHVWFUHHSVWUDLQUDWHVVRWKHIDVWHVW
FUHHSGHIRUPDWLRQPD\IXUWKHUDFFHOHUDWHVWKHFUHHSGDPDJHSURFHVV&RQWUDU\WRWKHKRWIRFXVVLWH)LJVKRZV
WKDWWKHORZHUSRUWLRQRIWKHYHVVHOKHDGH[KLELWVDKLJKHUVWUHQJWKGXHWRWKHORZHUKHDWIOX[DQGVWUHVVLQWKLV]RQH
$VDPDWWHURIIDFW WKHGDPDJHFULWHULRQLVPXFKPRUHDFFXUDWHLQSUHGLFWLQJWKHIDLOXUHRIWKH539$QLQGHSWK
LQYHVWLJDWLRQRI WRWDOGDPDJHLV OLVWHGLQ7DEOHIRUKRWIRFXVVLWHDW t V LQFOXGLQJSODVWLFDQGFUHHSGDPDJH
$FFRUGLQJ WR (T  OLQHDU DFFXPXODWLRQ PHWKRG /$0 LV DGRSWHG LQ ERWK VWUDLQ DQG GDPDJH FULWHULRQ 7KH
FRPSDULVRQ LQ7DEOH UHYHDOVDW OHDVW WZR UHVXOWVķ&UHHSGDPDJH LVGRPLQDQW LQ WRWDOGDPDJHĸ7KHXQLD[LDO
VWUDLQFULWHULRQVLJQLILFDQWO\XQGHUHVWLPDWHVWKHWRWDOGDPDJH


)LJ&RQWRXUSORWRIWKHGDPDJHSDUDPHWHU'IRUWKH539DWWUDQVLHQWILHOGV
7DEOH7KHFRPSDULVRQRIGDPDJHDOORFDWLRQRIWKH539ZLWKWZRIDLOXUHFULWHULRQVDWW V
'DPDJHDFFXPXODWLRQ 3ODVWLFGDPDJH &UHHSGDPDJH 7RWDOGDPDJH
6WUDLQFULWHULRQ   
'DPDJHFULWHULRQ   
&RQFOXVLRQV
,Q WKH HYHQW RI D VHYHUH FRUH PHOWGRZQ DFFLGHQW WKH WHPSHUDWXUH RI FRUH PHOWLQJ SRRO UHDFKHV DV KLJK DV
DSSUR[LPDWHćZLWKDSRVVLEOHLQWHUQDOSUHVVXUHRIa03DWKLVWKHUPRPHFKDQLFDOORDGVHDVLO\OHDGWRD
UXSWXUHRIWKHORZHUKHDGRIWKH539,WFDQEHOHDQWIURPWKHSDSHUWKDWWKH539IDLOXUHFDQRFFXUDVDUHVXOWRIWKH
IROORZLQJSURFHVVHVķFUHHSĸSODVWLFLW\ĹPHOWWKURXJK,QIXUWKHUDQDO\]LQJWKHIDLOXUHRIWKH539DQDGYDQFHG
QXPHULFDOFUHHSDQGGDPDJHSDUDPHWHUPRGHOLVGHYHORSHG6XEVHTXHQWO\WKH'D[LV\PPHWULF)(PRGHOLVTXLWH
ZHOOYDOLGDWHGE\ VRPH WHVWGDWD IURPSXEOLVKHG OLWHUDWXUHV7KHQXPHULFDO DSSURDFKHVSUHVHQWHG LQFXUUHQW VWXG\
KDYH VKRZQ WKHLU FDSDFLW\ WR FKDUDFWHUL]H WKH IDLOXUH SURFHVV IDLUO\ ZHOO 7KURXJK )( FDOFXODWLRQ WKH WUDQVLHQW
WHPSHUDWXUHILHOGRIWKHYHVVHOZDOOLVHYDOXDWHGDVZHOODVVWUHVVILHOGDQGWKHHIIHFWRIWKHFUHHSRQGHIRUPDWLRQRI
WKHYHVVHOZDOOLVLQYHVWLJDWHG0RUHRYHUWKHIDLOXUHWLPHDQGSRVLWLRQDUHGHWHUPLQHGE\XVHRIPDWHULDOGDPDJH,Q
RUGHUWRDVVHVVWKHGDPDJHWZRIDLOXUHFULWHULRQVDUHDSSOLHGWRWKH539XQGHU,95FRQGLWLRQ2QHLVVWUDLQFULWHULRQ
DQGWKHRWKHUGDPDJHFULWHULRQ)LQDOO\WKHPDLQUHVXOWVFDQEHVXPPDUL]HGDVIROORZV
&UHHSHIIHFWGRPLQDWHVWKHIDLOXUHRIWKH539XQGHUWKH,95FRQGLWLRQ7KHFUHHSVWUDLQPDLQO\FRQWULEXWHVWR
WKHWRWDOGHIRUPDWLRQDFFRXQWLQJIRURIWKHWRWDOZKLOHWKHSODVWLFVWUDLQFDQEHQHJOLJLEOHEHIRUHWHUWLDU\FUHHS
VWDJH$WORZSUHVVXUHWKHFUHHSPHFKDQLVPOHDGVWRJOREDOIDLOXUHZLWKVWUDLQFULWHULRQDQGSODVWLFHIIHFWEHFRPH
LQFUHDVLQJO\ LPSRUWDQW DWKLJKHUSUHVVXUHSRVVLEO\ LQGXFLQJ ORFDO IDLOXUH WRD ODUJHH[WHQW0HOWWKURXJKFDQ WDNH
SODFHDWYHU\ORZSUHVVXUHLIDODUJHKHDWIOX[LVFRQFHQWUDWHGRQDVPDOODUHD
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7KH IDLOXUHSRVLWLRQ LV LQ WKH]RQHRI WKH WKLQQHVWZDOO WKLFNQHVVFORVH WR WKHKLJKHVW WHPSHUDWXUH UHJLRQ LQ
ZKLFK WKHUH LV VRPH PHOWWKURXJK SKHQRPHQRQ REVHUYHG )XUWKHUPRUH WKH PRVW HQGDQJHUHG ]RQH H[KLELWV WKH
KLJKHVWFUHHSUDWHV,WLVORFDWHGDWWKHKRWIRFXVVLWHFRUUHVSRQGLQJWRWKHFRQFHQWUDWHGKHDWIOX[UHJLRQ
7KHFUHHSGHIRUPDWLRQRIF\OLQGHU WRVSKHUH WUDQVLWLRQSRVLWLRQUHVXOWV LQDZDOO WKLFNQHVVUHGXFWLRQZKLFK
IXUWKHUDFFHOHUDWHVWKHFUHHSGDPDJH7KHUHGXFWLRQSHUFHQWDJHRIZDOOWKLFNQHVVUHDFKHVDSSUR[LPDWHZKLFKLV
YHU\GHWULPHQWDOWRWKHVWUXFWXUDOVDIHW\$WORZSUHVVXUHOHYHOWKHHIIHFWRIKLJKWHPSHUDWXUHLVPRUHGDQJHURXVWKDQ
WKDWRIWKHSUHVVXUHIRUWKH539
7KHPXOWLD[LDOVWDWHRIVWUHVVVKDUSO\DFFHOHUDWHVWKHWRWDOGDPDJHDFFXPXODWLRQOHDGLQJWRDORFDOIDLOXUHRI
WKH539DWWKLQQHVWZDOO7KHPXOWLD[LDOHIIHFWSOD\VDQLPSRUWDQWUROHLQWKHGDPDJHGLVWULEXWLRQGXULQJWKHQHFNLQJ
7KHFRPSDULVRQEHWZHHQVWUDLQDQGGDPDJHFULWHULRQVKRZVWKDWWKHGDPDJHSUHGLFWHGE\WKHODWWHULVPXFKODUJHU
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